For ionic liquids (ILs), both the large number of possible cation + anion combinations and their ionic nature provide a unique challenge for understanding intermolecular interactions. Cohesive energy density, ced, is used to quantify the strength of intermolecular interactions for molecular liquids, and is determined using the enthalpy of vaporization. A critical analysis of the experimental challenges and data to obtain ced for ILs is provided. For ILs there are two methods to judge the strength of intermolecular interactions, due to the presence of multiple constituents in the vapour phase of ILs. Firstly, ced IP , where the ionic vapour constituent is neutral ion pairs, the major constituent of the IL vapour. Secondly, ced C+A , where the ionic vapour constituents are isolated ions. A ced IP dataset is presented for 64 ILs. For the first time an experimental ced C+A , a measure of the strength of the total intermolecular interaction for an IL, is presented. ced C+A is significantly larger for ILs than ced for most molecular liquids, reflecting the need to break all of the relatively strong electrostatic interactions present in ILs. However, the van der Waals interactions contribute significantly to IL volatility due to the very strong electrostatic interaction in the neutral ion pair ionic vapour. An excellent linear correlation is found between ced IP and the inverse of the molecular volume. A good linear correlation is found between IL ced IP and IL Gordon parameter (which are dependent primarily on surface tension). ced values obtained through indirect methods gave similar magnitude values to ced IP . These findings show that ced IP is very important for understanding IL intermolecular interactions, in spite of ced IP not being a measure of the total intermolecular interactions of an IL. In the outlook section, remaining challenges for understanding IL intermolecular interactions are outlined.
For ionic liquids (ILs), both the large number of possible cation + anion combinations and their ionic nature provide a unique challenge for understanding intermolecular interactions. Cohesive energy density, ced, is used to quantify the strength of intermolecular interactions for molecular liquids, and is determined using the enthalpy of vaporization. A critical analysis of the experimental challenges and data to obtain ced for ILs is provided. For ILs there are two methods to judge the strength of intermolecular interactions, due to the presence of multiple constituents in the vapour phase of ILs. Firstly, ced IP , where the ionic vapour constituent is neutral ion pairs, the major constituent of the IL vapour. Secondly, ced C+A , where the ionic vapour constituents are isolated ions. A ced IP dataset is presented for 64 ILs. For the first time an experimental ced C+A , a measure of the strength of the total intermolecular interaction for an IL, is presented. ced C+A is significantly larger for ILs than ced for most molecular liquids, reflecting the need to break all of the relatively strong electrostatic interactions present in ILs. However, the van der Waals interactions contribute significantly to IL volatility due to the very strong electrostatic interaction in the neutral ion pair ionic vapour. An excellent linear correlation is found between ced IP and the inverse of the molecular volume. A good linear correlation is found between IL ced IP and IL Gordon parameter (which are dependent primarily on surface tension). ced values obtained through indirect methods gave similar magnitude values to ced IP . These findings show that ced IP is very important for understanding IL intermolecular interactions, in spite of ced IP not being a measure of the total intermolecular interactions of an IL. In the outlook section, remaining challenges for understanding IL intermolecular interactions are outlined.
Quantifying the strength of intermolecular interactions of molecular liquids
2.1. How are the strengths of intermolecular interactions of molecular liquids quantified?
For molecular liquids the strength of intermolecular interactions is quantified using the cohesive energy density, ced ML : [28, 29] 
where vap U is the internal energy of vaporization, i.e. the energy required to vaporize the liquid to its saturated vapour, V m is the liquid molar volume (V m = M/ρ, where M = molar mass and ρ = liquid density), ce is the cohesive energy, vap H is the enthalpy of vaporization, R is the gas constant and T is the liquid temperature. ced ML is a measure of the total intermolecular cohesion per unit volume in the liquid phase, assuming negligible intermolecular interactions in the vapour [28] . Alternatively, ced ML quantifies the work required to produce a hole (often called a cavity) of unit volume in the molecular liquid [30] . surface area. Forming such surfaces requires breaking bulk intermolecular interactions [34] [35] [36] [37] [38] . In 1896, Stefan proposed that the work necessary to bring a molecule from the interior of the liquid to the surface is half that needed to vaporize it [37] . For samples that will thermally decompose before vaporization occurs, i.e. involatile liquids and polymers, the Gordon parameter, G [11] , has been used as a substitute for ced: [14, 39] 
where γ is the surface tension and V mol is the molecular volume (V mol = V m /N a , where N a = Avogadro's number). Owing to the possible influence of the surface structure on γ and therefore G, ced is generally preferred over G for investigating intermolecular interactions. However, for non-volatile samples G is easier to measure than vap H. A very good linear correlation between ced ML and G ML is observed for a small selection of molecular liquids (figure 1). and slightly polar molecules, where vdW interactions are dominant. For systems where electrostatic interactions (e.g. polar liquids) are important, a one-component parameter such as δ H does not represent the system sufficiently, and more components are required to explain solubility [15, 49] . Hansen solubility parameters comprise: polar, non-polar and hydrogen bonding, and they can be estimated using indirect methods. Activity coefficients give a measure of interactions between solute and solvent, and are used to obtain δ H,indirect for liquids (δ H values for ILs determined from activity coefficients are referred to in this article as δ H,indirect , to differentiate between δ H values obtained from ced). Activity coefficients at infinite dilution for solutes in ILs have been measured using inverse gas chromatography, and δ H,indirect was obtained (ced values for ILs determined from these δ H,indirect values are referred to in this article as ced indirect ) [50] .
Viscosity
Viscosity is a key variable in process design, e.g. mixing, separation, lubrication. Viscous flow is often modelled by the activated jumping of a molecule from an initial configuration to a second position, separated by an intermediate activated state [18] . Eyring and co-workers postulated that the activated state of the molecule requires a larger volume than the initial state. As this larger volume requires hole creation in the liquid, the activation energy for viscous flow, E a,vis , should be a fraction of vap U:
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where C is a constant for 'normal' liquids. For non-spherical molecules (e.g. hexane and acetone) C ≈ 4; for small spherical molecules (e.g. CCl 4 and cyclohexane) C ≈ 3. For both liquid metals and molten salts the unit of flow was considered to be important; to obtain a satisfactory linear correlation between vap U and E a,vis , atomic/ionic radii were included in correlations [19, 51] . A further possible complication is that the relationship between viscosity and temperature does not follow Arrhenius-like behaviour just above the glass transition temperature for all ILs (i.e. many ILs are fragile liquids), leading to possible errors in measured E a,vis for ILs [52] . δ H , and therefore ced, can also be determined using measurements of intrinsic viscosity (ced values for ILs are again referred to as ced indirect ). The viscosity of a dilute solution of a solute (e.g. a polymer) is a maximum in the 'best' solvent, i.e. the solution where cohesion properties of solvent and solute are comparable [53] .
Internal pressure
The internal pressure of a liquid, P int , is another property that can be used to quantify intermolecular interactions. ced ML depends on breaking all intermolecular interactions. P int for molecular liquids depends on small isothermal expansion; intermolecular distances increase slightly so not all intermolecular interactions are broken. The ratio:
is the standard method to compare P int to ced. r can be used to categorize solvents. Liquids where r > 1.2 are labelled as loose, e.g. fluorocarbons, triethylamine (repulsive interactions are relatively large) [54] . Liquids with r < 0.8 are collectively labelled as associated/tight/stiff liquids, e.g. water, ethanolamine (attractive interactions are strong) [54] . Liquids with r ∼ 1 are non-polar liquids, e.g. hydrocarbons, diethyl ether, toluene [28, 54] . This ratio also highlights that P int and ced have the same units, generally MPa or J cm −3 .
The vapour phase composition of ionic liquids: the ionic vapour
In the seminal 2006 Nature article demonstrating distillation of ILs, it was speculated that IL vaporization occurred as isolated ions or as ion aggregates [61, 70] . Additionally, a chemical process of IL transfer could not be ruled out.
The ionic vapour: intact ions in the vapour phase
For a wide range of ILs using positive mode mass spectrometry (MS) (with electron ionization, field ionization or photoionization) the parent cation, [C] + [57, 63, 66, [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] , has been detected intact in the vapour phase (at 350 K < T < 700 K). In addition, the parent anion, [A] − [66, 83, 85] , has been detected intact in the vapour phase using negative mode MS (with electron ionization or photoionization found non-ionic TD products such as 1-methylimidazole and alkyl halides [77, 90] . Therefore, intact ionic has definitely been detected for a wide range of ILs. Leading on from this detection of intact parent ions in the mass spectra, there are two key questions to be answered about the ionic vapour.
The ionic vapour is composed of neutral species, not isolated ions
For a wide range of ionic vapours, when the MS ionization source, e.g. electrons, was turned off, no ions were detected; it was concluded that the vapour phase of ILs is composed primarily of neutral species, not isolated ions [57, 63, 66, [71] [72] [73] [74] [75] [76] [77] . More recently, using a specialist Knudsen effusion cell to produce the vapour of [C 2 [87, 91] . However, the amount of ions in the vapour phase was approximately 10 8 to 10 11 times lower than the amount of CA ion pairs [56] , demonstrating the lack of significant amounts of overall charged ions in the vapour phase for [C 2 3 ] using both field ionization and photoionization at m/z 229 [78, 82] , demonstrating that the lack of [CA] +• detected for other ILs should not be taken as an indication of the lack of neutral vapour prior to ionization. Overall, these findings show that the vapours of the ILs studied to date are composed predominantly of neutral species. . It has been suggested that for electron ionization too much excess energy is deposited into the ionic vapour, which will lead to the break-up of higher mass clusters such as C 3 A 3 [92] (if such clusters are present in the ionic vapour). Vaporization as C m A m where m ≥ 2 occurs for alkali halides such as LiCl, and after electron ionization cluster ions such as [Li 3 Cl 2 ] + were detected [93] . This finding suggests that electron ionization MS may be able to detect higher mass clusters such as C 3 2 ] − were detected for the respective reactions, as would be expected if the ionic vapour was composed of CA neutral ion pairs. However, larger cluster ions, e.g. [C 3 A 2 ] + , were not detected, demonstrating that the ionic vapour was not composed of C 2 A 2 clusters, or any larger clusters.
The ionic vapour is composed of one cation and one anion, not larger clusters
Two ionization mechanisms have been proposed for ILs, demonstrated below for photoionization: dissociative ionization [71] (mechanism 1) and CA neutral ion pair dissociation [83] It should also be noted that one dicationic IL has successfully been vaporized. The ionic vapour was shown to consist of CA 2 neutral ion triplets [94, 95] .
The ionic vapour under equilibrium conditions
Most of the studies described in § §4.2.1 to 4.2.3 were performed under Langmuir vaporization conditions (for ILs with a wide range of different structures), i.e. not under equilibrium conditions [57, 63, 66, [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] . Therefore, it is very important to highlight those studies that were performed under near-equilibrium conditions. A combination of a Knudsen effusion cell with a small orifice with MS detection has been used by a number of research groups to study the ionic vapour of [ 6 ] ILs thermally decomposed in a Knudsen effusion cell [96] .
When flash heating an IL/acetonitrile mixture, i.e. heating from room temperature to very high temperature very rapidly (nearly instantaneously to incandescence, expected to give T > 1000 K), larger clusters of the type [C 2 A] + and [CA 2 ] − were detected using MS [92] . It was suggested that these clusters were formed via gas-phase decomposition of neutral clusters, e.g. C 2 A 2 [92] . However, such conditions are very far from equilibrium conditions and vap H was not measured in this study; the composition of the ionic vapour at such temperatures does not appear to be relevant for vap H measurements. 
Isolated ions in the ionic vapour
It has previously been stated that the enthalpy of desorption for an IL ion pair from the bulk IL, des H(total), cannot be measured directly, which were reasonable statements at the time, given the very challenging nature of these experiments [103, 104] 
Summary
All evidence leads to the conclusion that vaporization occurs primarily as CA neutral ion pairs (i.e. no net overall charge), and vaporization as C m A m where m ≥ 2 does not occur to any significant level. There are very small amounts of isolated ions in the ionic vapour (i.e. species with net overall charge). There are open questions about the nature of the equilibrium ionic vapour composition for many ILs and the ionic vapour composition at room temperature; these will be outlined in §9.
Two different measures of cohesive energy density for ionic liquids
The molecular unit for an IL is made up of one cation and one anion, i.e. the molar mass of an IL is always taken from one cation and one anion, M IP . Much research has been carried out into the occurrence of ion pairs in bulk ILs; the general consensus is that long-lived ion pairs do not exist as individual entities in the bulk of ILs, at least at room temperature [105] . Therefore, the molecular units in the bulk IL (i.e. isolated ions, see §4.2) and in the ionic vapour (i.e. isolated neutral ion pairs) are different. As the bulk IL is made up of individual ions, the cation-anion interaction present in the neutral ion pair ionic vapour is deemed as intermolecular, as has been concluded elsewhere [104] . This judgement leads to two different versions of ced for ILs, here labelled ced IP (ced when the ionic vapour is a neutral ion pair CA) and ced C+A (ced when the ionic vapour is isolated ions, [C] + and [A] − ).
The traditional equation for ced (see equation (2.1)) can be used for ILs:
where IP denotes ion pair, as the ionic vapour is a neutral ion pair (scheme 1, step (i)) and V m is the IL molar volume (V m = M IP /ρ, where M IP = IL molar mass and ρ = IL density). Therefore, ced IP of an IL can readily be obtained using vap H (scheme 2, step (i)). The energy to form isolated cations and isolated anions in the gas phase from the liquid phase can be obtained from des H(total) (scheme 1, step (ii) 
Transformations of an ionic liquid in terms of ced.
ced C+A can be obtained by measuring des H(total) (scheme 2, step (ii)).
Isolated gas-phase cations and anions can also be formed by vaporizing a neutral ion pair (scheme 1, step (i)) and then breaking the cation-anion intermolecular interaction (scheme 1, step (iii)). Therefore, ced C+A can be obtained by measuring vap H and the enthalpy of vapour phase neutral ion pair dissociation, diss H(CA) (scheme 1, step (ii)).
As there are significant intermolecular interactions in the vapour, ced IP does not capture all liquidphase intermolecular interactions for an IL, i.e. ced IP is not a measure of the total intermolecular cohesion per unit volume in the IL. ced C+A captures all liquid-phase intermolecular interactions for an IL, i.e. ced C+A is a measure of the total intermolecular cohesion per unit volume in the IL.
Problems caused by the low vapour pressure of ionic liquids 4.4.1. Monitoring the amount of ionic liquid vaporized
Accurately detecting the very small amounts of IL vaporization with respect to temperature is very challenging experimentally, especially with apparatus developed for molecular liquids. Hence, methods have been developed to measure IL vaporization at the temperatures required. Improvements in the sensitivity of vaporization detection mean that measurements have been made at increasingly lower temperature; therefore, TD is expected to be less of a complication for measurements made at lower temperatures.
There are broadly two methods to monitor the amount of IL vaporized with respect to temperature (scheme 3). Method 1: measure the amount of IL lost on vaporization from the liquid phase. Techniques that can be used to monitor the mass lost as the IL vaporizes include Knudsen effusion mass loss [56, 88] , calorimetry [106, 107] , thermogravimetric analysis (TGA) [31, 64, 65, [108] [109] [110] [111] [112] [113] [114] [115] [116] and transpiration [117] . Method 2: measure the amount of ionic vapour in the gas phase produced by IL vaporization. Within Method 2, there are two approaches to determine the amount of ionic vapour in the gas phase: (a) measure the amount of ionic vapour in the gas phase (temperature-programmed MS (TPMS) [57, 63, [71] [72] [73] [74] [75] [76] [77] 86] , temperature-programmed photoelectron spectroscopy (TPPES) [80] , UV absorption spectroscopy [118] ), (b) measure the amount of ionic vapour that has condensed from the gas phase onto a solid surface (quartz crystal microbalance (QCM) [ measure amount of ionic vapour in gas phase produced by IL vaporization Scheme 3. The two methods used to monitor the amount of IL vaporized with respect to temperature. Within Method 2, there are two approaches to determine the amount of ionic vapour in the gas phase. TGA, thermogravimetric analysis; TPMS, temperature-programmed mass spectrometry; TPPES, temperature-programmed photoelectron spectroscopy; QCM, quartz crystal microbalance; MSB, magnetic suspension balance.
Comparing measured vap H T : adjusting vap H T to a common temperature
Measurements of vap H T have been made at a wide range of T, from 370 to 625 K [57] . To make valid comparisons of vap H T a common T is needed. To obtain vap H T at a constant T (usually T = 298 K) an extrapolation is required from the measurement T to the constant T used for vap H T comparisons. Such an extrapolation requires knowledge of the heat capacity at constant pressure, g l C p , between the IL in the vapour and liquid phases, over the T range of interest. It has been noted that this extrapolation was a major source of discrepancies for published vap H 298 values for ILs [111] . For ILs, the liquid phase heat capacities can be readily measured [137] . However, the gas-phase heat capacities have not been measured to date, and have been judged to be impossible to measure [111] . Thus, different methods of obtaining g l C p , have been proposed. However, the variety of different methods and g l C p values used means that a summation is required.
Quantum mechanical and statistical thermodynamic calculations on ionic vapour neutral ion pairs have been used to obtain the gas-phase heat capacity for [C n C 1 Im][PF 6 ] [138] . Based upon this value, a value for g l C p in the region of −100 J K −1 mol −1 has been used for a wide variety of ILs [56, 57, 63, [71] [72] [73] 75, 77, 108, 117, 118, 122, 123, 131, 134, 136] . Quantum mechanical and statistical thermodynamic calculations on ionic vapour neutral ion pairs have been used to obtain gas-phase heat capacities for [C n C 1 Im][NTf 2 ] (n = 2, 4, 6, 8) [139] . Correlations developed from these values have then been used to obtain g ,130,132,133,135] . Clearly, there are very large and unsatisfactory discrepancies between these g l C p values and the widely used g l C p = −100 J K −1 mol −1 value; these differences can lead to significant variation in vap H values, up to 20 kJ mol −1 for ILs with long alkyl chains [111] .
In 2013, Verevkin et al. [111] analysed their vap H data for [C n C 1 Im][NTf 2 ] (n = 1-18) measured using two different techniques, TGA and QCM. As the T at which the vap H T data were recorded using the two techniques were different by approximately 150 K, values for g l C p could be indirectly determined using this experimental vap H T data. g l C p was found to range from g l C p = −56 J K −1 mol −1 for n = 2 to g l C p = −170 J K −1 mol −1 for n = 16. This procedure using variable −T vap H T data has since been applied to more ILs, although to date they have all been for ILs with an [NTf 2 ] − anion [88, 106, [114] [115] [116] ; for example, g l C p = −67 J K −1 mol −1 for n = 4 has been found, in excellent agreement with the findings of Verevkin and co-workers [88] . Overall, g l C p has generally been found to be in the range of −40 to −120 J K −1 mol −1 for ILs with relatively few CH 2 groups, whereas for ILs with relatively large amounts of CH 2 groups g l C p has generally been found to be in the range of −120 to −200 J K −1 mol −1 . All groups have found a chain length dependence of g l C p . Most recently, g l C p = −62 J K −1 mol −1 has been proposed using a combination of experimental vap H T data measured at different T and educated guesses [140] . When compared to g l C p derived from both methods explained above (calculations and indirectly from experimental data), g l C p = −62 Overall, there are two possible options for obtaining vap H T at a common T. Firstly, use g l C p values defined in the literature where available, and otherwise use a constant, IL independent g l C p value. This mix-and-match approach has the advantage of including the expected alkyl chain dependence of g l C p for certain ILs [111] ; the clear disadvantage is the glaring inconsistency, as g l C p has not been determined by any method for many ILs for which vap H values have been measured. The second option is to use a constant, IL independent g l C p value for all ILs. This approach has the advantages of simplicity and consistency, but with the considerable disadvantage of missing the alkyl chain length dependence. In this contribution a constant, IL independent g l C p = −100 J K −1 mol −1 was used, as this approach is a reasonable compromise, as it represents the approximate mid-point of g l C p values published to date. In terms of selecting a common T, in almost all literature examples for ILs T = 298 K has been chosen; thus, vap H 298 is obtained. Using T = 298 K allows ready comparison to many other properties of ILs, e.g. surface tension. However, T = 450 K has also been used to ensure that the T extrapolation is minimal, as T = 450 K is similar to the T at which vap H is measured [140] . In this contribution T = 298 K is used. As noted above, when using T = 298 K and g l C p = −100 J K −1 mol −1 , large differences can occur for certain ILs. However, T = 450 K was also tested; using T = 450 K gave the same correlation observed in figure 3b (see electronic supplementary material, figure S1 ).
Monitoring ionic liquid vaporization only
IL vaporization only must be measured to ensure reliable vap H data, i.e. the vaporization of liquidphase non-ionic TD products must not be measured. Methods that can distinguish in situ between IL vaporization and vaporization of liquid-phase TD products are ideal. However, there are relatively few such methods available; for ILs, TPMS and TGA (using two carrier gases) are the main methods used for distinguishing IL vaporization and vaporization of liquid-phase TD products [31, 64, 65, 77] .
Methods that involve measuring the amount of vapour that condenses from the gas phase onto a solid surface (e.g. QCM and MSB), when operated under high vacuum conditions (i.e. apparatus base system pressure less than 10 −8 mbar), can be used to detect only IL vaporization. ILs are clearly sufficiently involatile that they will condense onto a solid surface at room temperature, whatever the system pressure. Many TD products of ILs are highly volatile, e.g. for halide-ion ILs [77, 90] . Therefore, it is expected that such volatile TD products will not condense under high vacuum conditions at room temperature. Consequently, using QCM and MSB under high vacuum conditions would detect only IL vaporization, as long as the TD products were relatively volatile. However, not all TD products for ILs are highly volatile, e.g. for [C n C 1 Im][BF 4 ] ILs [141] .
A number of popular methods of obtaining vap H for ILs involve measuring the total amount of vaporization. Almost all methods that involve measuring the mass lost from the liquid-phase measure the total amount of IL vaporization, e.g. TGA using only one carrier gas [108] [109] [110] [111] [112] [113] [114] [115] [116] , Knudsen effusion mass loss [56] and calorimetry [142] . Also, some methods that involve measuring the amount of ionic vapour rely on there being no significant vaporization of liquid-phase non-ionic TD products, e.g. vapour phase spectroscopy [80, 118] . Therefore, these methods rely on no significant vaporization of liquid-phase TD products occurring. In some studies attempts have been made to check if TD occurred by characterizing either the condensate or the remaining IL that had not vaporized. Neither of these approaches is foolproof. For the condensate, as noted above, TD products may be sufficiently volatile that they do not condense under experimental conditions; for the remaining IL sample, observing no TD products in the liquid phase does not mean there was no TD product vaporized.
For [142] and were excluded for reasons explained in [129] . A contributing factor may have been the relatively high temperatures at which these measurements were carried out. The TPUV vap H data from Ogura et al. [149] was excluded due to the very large vap H values and the very large errors given.
The vap H values from Verevkin and co-workers for three protic ILs are excluded [150] . It is expected that the vapour phase for the three ILs studied will mainly comprise ionic vapour [67] and not non-ionic TD product vapour (most likely the products of proton transfer from the cation to the anion), but no evidence is presented to confirm this supposition. For protic ILs, ideally a vap H technique would be used that can distinguish between IL vaporization and TD product vaporization.
Comparing vaporization conditions: Knudsen effusion versus Langmuir
For ILs, both Knudsen effusion [56,86- 6 ] the primary process for near-equilibrium conditions was vaporization of TD products [153] , whereas the primary process for Langmuir evaporation was vaporization of intact IL [96] . This difference is due to the higher temperature required for nearequilibrium conditions (compared to Langmuir evaporation) to detect vaporization.
vap H values for approximately 115 ionic liquids
There is now a significant quantity of vap 4.5. Obtaining the cohesive energy density from simulations and calculations vap H can be obtained using simulations and calculations. Enthalpies for the ionic vapour neutral ion pair can be calculated using high-level methods. The most widely used approach to obtain the liquidphase enthalpy per ion pair is from molecular dynamics simulations [26, [154] [155] [156] ; an ion pair in a continuum solvation model has also been used [157, 158] . V m can also readily be obtained from molecular dynamics simulations; hence, ced IP [103, 196, 197] 6 ], where n = 2, 4, 6) [104] ; ced C+A were not provided in the article.
As explained in §3.3, δ H (and therefore ced ML ) can be separated, using indirect methods, into nonpolar, polar and hydrogen bonding contributions [15] . For ILs, at least two different methods have been used to obtain contributions to ced IP (or contributions to vap H, from which contributions to ced IP can be obtained), and these methods are explained in the next two paragraphs. Methods to separate the different contributions to intermolecular interactions, and which contributions get grouped together, can vary widely between different researchers.
Electrostatic contributions are generally those from Coulomb's Law; vdW interactions are usually considered as all other intermolecular interactions (therefore, induction, dispersion and hydrogen bonding are included) [155, 196] . vap H can be separated into electrostatic and vdW contributions [155, 156] . To obtain the electrostatic and vdW contributions to ced IP , the electrostatic and vdW contributions to vap H simply need to be divided by V m . To obtain the electrostatic and vdW contributions to ced C+A , the electrostatic and vdW contributions to des H(total) (or vap H + diss H(CA)) need to be divided by V m . Such information is available in the literature [155, 196] . A second method to separate ced IP labels contributions as polar (similar to electrostatic) and non-polar (similar to vdW) [26] . These two contributions are determined by the user defining atoms in the IL that are polar and atoms that are non-polar. Interaction energies for these atoms are then summed to obtain the polar and non-polar contributions to ce IP (when there is an interaction between a polar atom and a non-polar atom, the energy is shared equally). The polar and non-polar contributions to ced IP are then obtained by dividing by the partial liquid volumes for the polar and non-polar atoms, respectively. 
Results for vap H, des H([C]

Vap H from simulations and calculations
There is a vast amount of vap H(calc.) data available in the literature, far too much to give a complete summary here. Therefore, the focus here will be on key examples. The most widely used force field for ILs is the CL&P force field [199] . The aim of the developers of this force field was to provide a model that could describe a large range of ILs; hence, only liquid-phase densities and structural data were used for parametrization [199] . vap H 298 (calc.) using the CL&P force field are in the range of 150 to 250 kJ mol −1 [23, 156, 199] . These vap H(calc.) are larger than vap H(exp.), which are in the range of 130 to 180 kJ mol −1 for these ILs. This finding is not surprising, given the relatively low levels of parametrization used to produce the CL&P force field. However, the trend of vap H values increasing as n increases is found, and [C 4 [56, 71, 154] , demonstrating that force fields can be produced for ILs that do an excellent job of capturing the intermolecular interactions. Schröder and Coutinho used the continuum solvation model COSMO-RS for a structurally diverse set of ILs to obtain vap H 298 (calc.) [158] . vap H 298 (calc.) matched very well to vap H 298 (exp.) (±10 kJ mol −1 ), demonstrating that the continuum solvation model captured the bulk liquid very well. diss H(CA) varies very little with increasing n for the high-level calculations in [103, 196] , whereas for the lower-level calculations in [104] diss H(CA) decreases with increasing n (which is a very surprising finding, given one would expect both the electrostatic and vdW interactions for a neutral ion pair to be relatively unaffected by alkyl chain length). A combination of these diss H 298 (CA) (calc.) values from [103] and vap H 298 (exp.) gave 480 kJ mol −1 < des H 298 (total) (calc.) < 540 kJ mol −1 ( [156] . [196] . Given that diss H(CA) are always significantly larger than vap H, this finding shows that electrostatic contributions dominate des H.
des H([C]
Cohesive energy densities: results
As noted in §4.4.5, there are many vap H values available in the literature for ILs. Unsurprisingly, some of these vap H values have been used to obtain ced IP , e.g. in [200] [201] [202] [203] . A key difference is that in this article the vap H data used is rigorously selected; only vap H values obtained directly from heating experiments are included, and where doubts exist over the vap H values they are not included (as outlined in §4.4.3). figure 3a) shows a very good linear correlation (R 2 = 0.92). Marcus recently found a similar correlation between ced IP (using vap H both from experimental and indirect measurements) and the ionic volume (which is proportional to V m ) [202] . This finding demonstrates conclusively that the vap H 298 values are not the key factor in determining ced IP for ILs; the key factor is V m , i.e. IL size. Large ILs have small ced IP , and small ILs have large ced IP ; size matters. ced IP can now be predicted with good reliability from calculations alone with no experimental input, as you just need to know V m (or V mol ), and V m can be predicted without IL synthesis [195, 204] . ) in particular are very small and this measurement has only been made for one IL to date) and calculations (they have not been validated against experimental data) the match between the experimentally derived ced C+A,490 = 1580 J cm −3 and the value above ced C+A,298 = 1850 J cm −3 is good (and the T values are also different). This match gives confidence that the ced C+A,298 values derived from a combination of experimental and calculated data give a reasonable measure of the IL total intermolecular interactions; certainly comparisons between two ced C+A,298 values can be trusted when the difference between the two ced C+A,298 values is large.
Trends in ced
Separating ced into electrostatic and vdW contributions
There is currently little data in the literature from MD simulations for electrostatic and vdW contributions to ced IP . Data needed to obtain electrostatic and vdW contributions to ced IP is available [155, 156] , but the simple calculations have not been carried out; such data are presented in IP, 298 are between 1300 and 1400 J cm −3 for all four ILs, whereas the non-polar contribution to ced IP, 298 are between 290 and 400 J cm −3 for all four ILs [26] . These values are not comparable to the values given in the previous paragraph, as their origins are very different (see §4.5).
Using data from [155] and [196] 
Can cohesive energy densities be used to understand other properties?
A key question to answer is: are either of the two measures of IL intermolecular interactions, ced IP and ced C+A , useful for understanding IL liquid-phase properties? The only way to answer that question is through obtaining data and developing trends using ced IP and ced C+A . At this stage only ced IP can be used to understand other properties; there are insufficient experimental ced C+A values to make meaningful comparisons and develop trends.
Gordon parameter, G
A range of methods have been used to measure γ for ILs [205] . There is a large variation in γ values for the same IL across different publications [205] . This occurrence is most likely due to impurities present in the sample. Many IL γ values are measured under conditions where water and other volatile impurities can contaminate the sample; in addition, grease-type impurities have been identified at IL-gas surfaces [206] . These contaminants are likely to affect γ .
ILs have γ values in the range of 26 to 60 mN m −1 [181, 205, 207, 208] . Molecular liquids have γ values in the range of 18 to 72 mN m −1 [209] [210] [211] . Therefore, ILs and molecular liquids have γ values of the same magnitude (unlike vap H 298 ). For ILs, γ values decrease as n is increased [205] . It is more difficult to draw conclusions on the effect of the anion on IL γ values, due to both anion complexity and variations in γ values across different publications. However, a broad conclusion is that There is a good linear correlation between ced IP and G for ILs (figure 3b). Marcus recently found a similar correlation between ced IP (using vap H both from experimental and indirect measurements) and G [212] . This observation strongly suggests that ced IP and G both capture the same intermolecular interactions for ILs. G shows a good linear correlation with the inverse of size, V −1 m , i.e. a small IL has a large G value (electronic supplementary material, figure S2 ). This is as expected, given the correlations given previously, and reiterates that the strength of intermolecular interactions in ILs can be obtained, to a good degree of accuracy, from their size.
There is a good linear correlation between ced and G when both molecular and ILs are considered (figure 4). This relationship strongly suggests that there is an underlying relationship between ced and G that is not dominated by the ionic nature of ILs.
Although a major aim of this article is to find correlations that hold across all ILs, it is important to compare ced IP and G IL for select IL families/categories. Categorizing the ILs in figure 3 into different families is potentially arbitrary. ILs with a large anion [75, 195] For ILs with a large anion and any length alkyl chain both ced IP and G IL were relatively small (figure 3c), as all data points are located in the bottom left of figure 3c . In addition, all of these ILs with large anions match relatively well to the line of best fit for all ILs, first presented in figure 3b . Within that family, ILs with long alkyl chains (defined here as having at least one alkyl chain of length C 6 H 13 , i.e. the presence of a cluster of red data points (figure 3c) suggests that the relationship for ILs with small anions and long alkyl chains is different to other ILs reported here. One possible explanation for this observation for ILs with small anions and long alkyl chains is the influence of the IL-gas surface structure on G IL . There is a large amount of literature showing that ILs tend to orient with their longer alkyl chains, on average, at the outer IL-gas surface, with the rest of the IL, on average, located just below the outer IL-gas surface [213, 214] . Intermolecular interactions for alkyl chains are weaker than those for the other parts of the ILs (e.g. ion-ion electrostatic intermolecular interactions). Therefore, having more alkyl chains located near the outer IL-gas surface than expected based on the stoichiometry will lead to lower G IL but will have no effect on ced IP . At this stage, there is insufficient evidence to draw this conclusion with high confidence, but there is a growing amount of evidence to support it.
Ionic liquids as solvents for self-assembly
In 2013 a summary was presented of aprotic ILs that support amphiphile self-assembly; at least 11 aprotic ILs were found, in addition to at least 37 protic ILs [40] . ILs that promote self-assembly for which ced IP and G have also been measured are listed in table 5. Clearly, the rule [13, 14] given by Evans of selfassembly only occurring in solvents with G > 110 J cm −3 does not hold. gives the number of neighbouring cations surrounding an anion as approximately seven [230] . Therefore, des H 490 (total) = 413 kJ mol −1 can be viewed as the enthalpy to break 14 cation-anion intermolecular interactions (as seven cation-anion intermolecular interactions need to be broken for the cation and seven for the anion). Consequently, each cation-anion intermolecular interaction is approximately 30 kJ mol −1 .
diss H 490 (CA) = 296 kJ mol −1 is the enthalpy to break one cation-anion intermolecular interaction in the vapour phase. Very clearly, the vapour phase CA intermolecular interaction is substantially stronger than the average liquid-phase CA intermolecular interaction. This stronger vapour phase intermolecular interaction is most likely because having just one cation and one anion, with no other electrostatic intermolecular interactions that might weaken this one interaction, would lead to a particularly strong single electrostatic CA intermolecular interaction.
Given the strength of the liquid-phase total intermolecular interactions for ILs, vap H values are actually smaller than one might expect. The reason for this is that vapour phase cation-anion intermolecular interactions are very strong. in the region of methanol (r = 0.33) and formamide (r = 0.36); r = 0.07 for water, r = 0.24 ± 0.02 for liquid metals [232] and r < 0.10 for molten salts [232] . Overall, ILs would be classified as having stronger attractive intermolecular interactions than fluorocarbons, but weaker attractive intermolecular interactions than liquid metals, molten salts and water.
The importance of charge neutrality
ced C+A values are much larger than ced IP values (tables 2 and 3). V m used to calculate both ced IP and ced C+A are obviously the same, so the very large difference is caused by the intermolecular interactions that are broken for vaporization of neutral ion pairs and isolated ions, respectively.
Values obtained from both intrinsic viscosity and solubility measurements are in the range of 350 J cm −3 < ced indirect < J cm −3 . These values match the magnitude of the experimental values for ced IP (250 J cm −3 < ced IP < 1000 J cm −3 ) and are very different from both the experimental value for ced C+A and also the ced C+A values obtained via indirect methods (1550 J cm −3 < ced C+A < 3400 J cm −3 ). In addition, there is the good linear correlation between ced and G for a dataset including both ILs and molecular liquids, where ced IP is used for ILs. All of this evidence indicates that the intermolecular interactions that are broken for ILs when measuring ced IP are similar to those broken for ILs when measuring ced indirect .
A possible rationalization for the above observations centres on maintaining charge neutrality. When breaking intermolecular interactions to either form holes in a liquid or to form a new IL-gas surface, charge neutrality will be maintained, i.e. all ions will always have at least two close-contact neighbours [230] , and no ion will be left without a counterion. In essence, in the liquid phase, charge neutrality is always maintained. For IL vaporization the ionic vapour is composed almost exclusively of neutral ion pairs; therefore, charge neutrality is also maintained, as every ion has a counterion present. Therefore, the physical processes that underpin ced indirect , G and ced IP all maintain charge neutrality. However, for ion desorption all intermolecular interactions are broken; therefore, the processes that underpin ced C+A break charge neutrality. Therefore, it is possible that ced IP -rather than ced C+A -is the key value for understanding other properties that are underpinned by the strength of IL intermolecular interactions, even though ced IP is not a measure of the total IL intermolecular interactions.
Why are ionic liquids involatile compared to molecular liquids?
A key question is: why are ILs so involatile compared to molecular liquids? Is it because ILs have very strong electrostatic intermolecular interactions in the liquid phase? ced IP is a measure of the strength of intermolecular interactions that control IL vaporization. There are both liquid-phase and vapour-phase intermolecular interactions that contribute to vap H and therefore, ced IP (see equation (8. 
Conclusion
ced ML values have historically been very useful for understanding properties of molecular liquids, both as liquids and as solvents. For ILs, a general conclusion would be that many attempts at correlations between ced IP and another property have proven unsuccessful to date. The lack of a correlation in itself can provide useful information about the underlying assumptions involved in those theories, and provide insight into IL properties and intermolecular interactions.
In derived solely from experimental data, ced IP and V −1 m , is an exciting development for ILs. Clearly, size matters when judging intermolecular interaction strengths for ILs. From this correlation, the ability to make a priori predictions of ced IP without the need for synthesizing or characterizing an IL is a huge step forward in understanding IL intermolecular interactions, both in terms of being able to readily predict ced IP in itself, but also giving the ability to test theories for ILs against other physical property data.
The good linear correlation between two variables derived solely from experimental data, ced IP and G, is a further exciting development for ILs. This correlation gives significant insight into IL intermolecular interactions. However, further insight could be gained if more data were available for ced IP and G, particularly for ILs with long alkyl chains and small anions.
ILs have very strong intermolecular interactions relative to most molecular liquids, as evidenced by the very large ced C+A value, presented here for the first time. Electrostatic intermolecular interactions dominate for ILs, as might be expected for liquids composed solely of ions.
ILs are not involatile solely due to their ionic nature, and therefore, due to strong electrostatic interactions. Their vapour composition-neutral ions pairs-and their relatively large size (giving considerable vdW intermolecular interactions) contribute greatly too.
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